The effects of the spin degeneracy of single, zero-dimensional, localized, donor impurity states are investigated. We report a nontrivial effect on the zero-magnetic-field current-voltage ͓I(V)͔ characteristics of a localized state resulting from its spin degeneracy. We detect a deviation from the expected Fermi function thermal broadening of the observed current step in the I(V) characteristics. We quantitatively model this deviation in a sequential tunneling picture in terms of a new phenomenological parameter, the occupancy of the localized state (p). The spin degeneracy of the state is lifted in a magnetic field ͑Zeeman splitting͒ causing the current step to split. The two fragments of the split current step are observed to have different magnitudes. An investigation of this effect also enables the measurement of p as reported earlier ͓Phys. Rev. Lett. 76, 1328 ͑1996͔͒. We compare the two methods of determining the occupancy ͑p͒ and find a good agreement between them. Both these methods also enable us to determine the electron tunneling rates across each of the two potential barriers of the device independently. We also identify certain features in the I(V) characteristics at higher bias that have different thermal and magnetic-field properties than most other regular features. We attribute these to double occupancy of the electrons in the localized states when the barrier for that is overcome at higher bias. The phenomenological theory developed in this paper explains these observations quite accurately.
I. INTRODUCTION
The experimental realization of granular electronic systems, such as low-dimensional semiconductor and ultrasmall metallic systems, has focused attention on the basic physical properties of discrete electronic systems. Especially intriguing are the semiconductor quantum dot [1] [2] [3] [4] [5] and the physically similar localized impurity state tunneling systems. [6] [7] [8] [9] [10] [11] [12] [13] [14] The latter consists of donor impurity atoms in the quantum-well regions of resonant tunneling diodes. This system provides a unique laboratory for the investigation of single, isolated, zero-dimensional, localized states. Investigation of the basic spin properties of such states has become significant also due to recent interests in quantum computing. Spins of single atoms embedded in a semiconductor have been proposed for use as q-bits for computation. 15, 16 There has also been a lot of activity in the field of spin transport. 17 The donor atom, in our experimental system, at low temperatures and in a magnetic field acts as a very effective spin filter.
In this paper we investigate the effects of the spin degeneracy of the localized donor impurity states on the device current-voltage ͓I(V)͔ characteristics. We observe that the degeneracy does not simply contribute a factor of two, but exhibits itself in a nontrivial manner even in the zeromagnetic-field I(V) characteristics. We model this effect in a sequential tunneling picture. Electron-electron repulsion and Coulomb charging energies act as barriers to double occupation of the degenerate spin states. Thus even though the spin degeneracy implies availability of two states, they cannot contribute to the full extent for tunneling. We introduce a single phenomenological parameter, the occupancy of the impurity state p, which characterizes how much the impurity state is occupied. This enables us to quantitatively explain the zero-magnetic-field I(V) characteristics. The same parameter p also explains the peculiarities observed in the I(V) characteristics in a magnetic field. The experimental determination of p enables us to independently determine the electron tunneling rates through each of the two potential barriers of the device. The electron-electron repulsion and Coulomb energy barrier can be overcome by applying a higher bias. We observe features in the I(V) characteristics at high bias that we attribute to the simultaneous occupation of two electrons in the impurity state. 18 These features have different thermal and magnetic-field properties, which distinguish them from regular features.
Isolated donor impurities in the quantum-well regions of large area resonant tunneling diodes form localized (ϳ100 Å͒ hydrogenic states bound to the quantum eigenstates. Figure 1 illustrates the band diagram of a device used in this study with one impurity state in the well schematically noted. Under an applied bias the current exhibits a steplike increase, as the impurity state aligns with the emitter Fermi level. In general, there may be multiple impurities giving rise FIG to multiple, overlapping steps in the current-voltage characteristics. An appropriately dilute, unintentional doping concentration allows the measurement of a single impurity state. At very low temperatures the Fermi distribution function is an abrupt step function and hence the I(V) characteristics show current steps that are sharp. As the temperature of the device is increased, the emitter Fermi level broadens. The current steps also broaden, but we observe that a Fermi function fit to the broadening 4, 5, 11, 12 of the current steps is inadequate ͑Fig. 5͒. The experimentally measured plateau current is observed to saturate at a lower value than the current predicted by the Fermi fit. Similarly a peculiarity is observed in the I(V) characteristics with applied magnetic field ͑Fig. 8͒. The magnetic field lifts the spin degeneracy of the state ͑Zee-man splitting͒ and causes the current step to split. 11, 12, 19 The two fragments of the Zeeman split current step are observed not to have the same magnitude even though there is no spin polarization in the emitter. We propose a phenomenological model that explains both the effects. This understanding and our model enables us to independently determine the electron tunneling rates through the two potential barriers in a sequential tunneling picture. 4, 20 The thermal broadening and the magnetotunneling are two independent measurements of the tunneling rates and are in good agreement with each other.
In Sec. II we present our phenomenological model of tunneling through a localized impurity state. In Sec. III we give the details of the device growth and characterization. In Sec. IV B we investigate the thermal broadening of the features in the I(V) characteristics and in Sec. IV C we discuss the results from the magnetic-field measurements. In Sec. IV D we identify a small number of steps in the I(V) characteristics that show substantially different thermal broadening and no splitting in a magnetic field. These steps are attributed to two electrons occupying the impurity state at the same time.
II. THEORY

A. Theory: Zero-magnetic-field tunneling
The tunneling of electrons through localized, zerodimensional ͑0D͒ states in the quantum-well region of a double barrier, single quantum-well device may be modeled in the sequential tunneling picture. In this picture the tunneling process is viewed as two separate processes, as schematically represented in Fig. 2 . The first process is tunneling from the emitter to the localized state and the second process is tunneling from the localized state to the collector. In order to derive an expression for current, we define T em and T cl to be the electron tunneling rates for tunneling across the emitter and the collector barriers, respectively. These rates depend upon both the applied bias and the available density of states in the respective contact electrodes to which the localized state can couple. We define p to be the occupancy of the electron in the localized state, which is essentially the probability of the state being occupied by an electron.
Let us first consider the case of a single, nondegenerate localized state. In steady electron flow condition, the rate of electrons tunneling into the localized state is the same as the rate of electrons tunneling out. The rate of inflow from the emitter is equal to T em times the occupancy of states with energy E in the emitter ͓which is simply the Fermi function, f (E)] times the probability of the localized state being unoccupied ͓which is (1Ϫp)]. Once the electron is in the localized state it can either tunnel back to the emitter at a rate p͓1Ϫ f (E)͔T em or it can tunnel out into the collector at a rate pT cl . We can see from the band alignment in Fig. 2 that the occupancy of the collector states is not of concern as the Fermi level in the collector is much below the localized energy state. Hence we have
which gives
which is just the partial tunneling rate. The tunneling current through a single, localized state under such circumstances is given by
Therefore the current resulting from electrons tunneling through single, nondegenerate, localized states is exactly proportional to the Fermi distribution function f (E) and it is not possible to experimentally determine both T em and T cl independently. So far we have assumed that the localized impurity state is nondegenerate. However, the ground state of the impurity potential consists of not one but two states due to spin degeneracy. If the two channels due to the two spin states are independent then one expects the tunneling probability and the current to double and the occupancy to become 2p. However, the two tunneling channels are not independent of each other. Two electrons cannot occupy the two available spin states at the same time due to the large electron-electron repulsion and Coulomb charging energy required for the second electron to simultaneously occupy the second spin state of the localized state in the well. For this system, the singleelectron Coulomb charging energy (U C ϭe 2 /2C, where C is the effective capacitance of the double barrier diode͒ is very large compared to the thermal energy (kTр250 eV) or the Zeeman energy (р150 eV). If p is the occupancy if there is only one tunneling channel then 2p is the occupancy if there are two independent tunneling channels and p 2 is the probability of occupying the two channels simultaneously. Thus the occupancy when either one of the two states but not both can be occupied is (2pϪ p 2 ). Hence the current through such a two-state system can be written as
͑4͒
If p is small compared to 1 then the current through the twofold degenerate system ͓Eq. ͑4͔͒ is just twice that of the current through a single-state system ͓Eq. ͑3͔͒ and is proportional to the Fermi function, f (E). However, if p is large, then the current would not be directly proportional to the Fermi function. This is a simple, phenomenological theory to understand tunneling through a two-state spin system in terms of a single parameter p. A more accurate theory will have to take into account many-body effects, total spin, and other issues in a perturbative analysis as has been done by Akera for a similar system involving quantum dots. 21 Our theory, and the equation for current ͓Eq. ͑4͔͒, is, however, a good approximation and it provides a useful physical insight into the tunneling system.
B. Theory: Magnetotunneling
In a magnetic field the spin degeneracy of the localized state is lifted due to Zeeman splitting and the two spin states have different energies. In high magnetic fields ͑when the Zeeman splitting energy is relatively large͒ and at low temperatures ͑when the Fermi level is sharp͒, we can adjust the bias near a given localized state to have the following two conditions as shown schematically in Fig. 3 . At lower bias, V 1 , only the lower-energy spin state is below the emitter Fermi level and hence only one channel is active for conduction. In this case the current is given by
At a higher bias, V 2 , the higher-energy spin state is also below the Fermi level and thus both channels are active for conduction. The current in this case ͑by arguments similar to the ones in Sec. II A͒ is given by
where pЈϭ(2pϪ p 2 ) is the occupancy for having either the lower or the higher-energy spin state but not both of them occupied simultaneously. If p is small compared to 2 then the current through the two spin states ͓Eq. ͑6͔͒ is just twice that of current through a single state ͓Eq. ͑5͔͒. But if p is not negligible, then the current magnitudes of the two fragments of the Zeeman split current step ͓I 1 and (I 2 ϪI 1 )] would not be the same.
In Eqs. ͑5͒ and ͑6͒ we have assumed that the Fermi function f (E) is a sharp step function which is a good assumption at low temperatures ͑less than 0.1 K͒ when the thermal energy is smaller than the spin splitting energy. We have also assumed that the tunneling rates are the same at the two different biases V 1 and V 2 , which is a good assumption if the bias difference (V 2 ϪV 1 ) is much smaller than the barrier potential. In our case the experimentally determined spin splitting energy (⌬Eр150 eV) is much smaller than the barrier potential energy (Ϸ300 meV͒. We also assume that the emitter electrons are not spin polarized since the emitter Fermi energy (ϳ40 meV͒ is much larger than the spin splitting energy even at 10 T.
III. SAMPLE DESIGN
The nominally symmetric resonant tunneling heterostructures are grown by molecular beam epitaxy ͑MBE͒ on a Sidoped GaAs ͑100͒ substrate. 22 The epitaxial layers consist of a 1.8ϫ10 18 cm Ϫ3 Si-doped GaAs contact, a 150-Å undoped GaAs spacer layer, an undoped Al 0.27 Ga 0.73 As bottom barrier of width w, a 44-Å undoped GaAs quantum well, an undoped Al 0.27 Ga 0.73 As top barrier of nominally the same width w, a 150-Å undoped GaAs spacer layer, and a 1.8 ϫ10
18 cm Ϫ3 Si-doped GaAs top contact. Square mesas with lateral dimensions from 2 to 64 m are fabricated using standard photolithography techniques. In this paper we report investigations of two specific devices only. One has w ϭ85 Å and a lateral dimension of 8 m and the other has wϭ65 Å and a lateral dimension of 16 m. Two terminal dc I(V) characteristics are measured using a low-noise amplifier. The variable temperature measurements are done in a Janis liquid-helium cryostat and the high magnetic-field measurements are done in an Oxford dilution refrigerator with a mixing chamber base temperature (T mix ) of 35 mK. Figure 4 shows the I(V) characteristics of a resonant tunneling diode device at 1.4 K, showing the main quantumwell resonance peaks ͑top͒. Magnification of the current in the prethreshold region ͑bottom͒ shows two sharp current steps for both forward-and reverse-bias directions. This step structure is observed to be sample specific, but for a given sample it is exactly reproducible from one voltage sweep to another and independent of the voltage sweep direction. The steps are reproduced even after repeated thermal cycling of the sample, except for slight threshold voltage shifts. Similar features have been observed and reported previously, 6, 7, 9 and the various current steps are attributed to tunneling through the bound states of separate, localized, 0D impurity states in the quantum well.
IV. OBSERVATIONS A. Tunneling through impurities
B. Zero-magnetic field variable temperature measurements
In this section we investigate the temperature dependence of the current steps in the I(V) characteristics in zero magnetic field. As discussed in the theory section ͓Sec. II and expressed in Eq. ͑3͔͒, the magnitude of the current step in tunneling through a single electronic state is proportional to f, the Fermi distribution function. The sharpness of the current plateau edge is thus expected to decrease as the temperature increases, due to the broadening of the emitter Fermi distribution. We can express the current ͓Eq. ͑3͔͒ as I͑V,T ͒ϭ2I th f ͑ VϪV th ,T ͒ϭ 2I th 1ϩexp͓␣e͑V th ϪV ͒/kT͔ ,
͑7͒
where e is the electron charge, k is the Boltzmann's constant, and V th and I th are the threshold voltage and current values at the observed common intersection point of the various I(V) curves at different temperatures. ␣ is the voltage to energy conversion factor. It is the ratio of the voltage drop between the quantum well and the emitter to the total voltage across the device. 4, 5, 23 Since the localized state has two barriers of nominally the same width on either side, we expect ␣ to be approximately equal to half. Due to the asymmetric band bending we also expect ␣ to be slightly smaller than half as more voltage gets dropped across the collector barrier than the emitter barrier. Note that when VϭV th , f (0,T) ϭ1/2, and IϭI th irrespective of the temperature. The only free parameter is thus ␣, and is determined to be equal to 0.48 from a fit ͑Fig. 5͒ of the above function to the I(V) traces at zero magnetic field. The fits are done only for the region VрV th because of the presence of an oscillatory structure on the current plateaus. We refer to this structure as the ''fine structure'' and it is attributed to the fluctuations in the local density of states in the contact electrodes. 5, 9 This fine structure has been investigated in detail by Schmidt et al. 13, 14 Figure 5 also shows the extrapolation of the fits of Eq. ͑7͒ to the data to voltages greater than the threshold (V уV th ). The experimental plateau current value is observed to be smaller than that predicted by the extrapolated Fermi fit. We attribute this deviation from the Fermi behavior to the spin degeneracy of the localized state and Coulomb charging effects as discussed in Sec. II. This shows that the spin de- generacy indeed affects the I(V) characteristics in a nontrivial manner even for zero magnetic field.
The current in the case of tunneling through two degenerate states ͓Eq. ͑4͔͒ can be expressed as
where A is a constant and p 0 ϭT em /(T em ϩT cl ) is the occupancy of the electron in either one of the two localized degenerate states when f (E)ϭ1 ͓Eq. ͑2͔͒. p 0 depends upon the relative tunneling rates of the two potential barriers. Equation ͑8͒ can be fit to the data ͑Fig. 6͒. Once again the fits are done only for bias voltages VрV th because of the presence of the ''fine structure'' on the current plateaus for VуV th . V th is obtained from the common intersection point of the curves at different temperatures. A and p 0 are obtained from the measured values of the plateau current (I plateau ) and the threshold current I th in the following way. When VӷV th then f (E)ϭ1 and
When VϭV th then f (E)ϭ1/2 and ⌬IϭI th ϭA͑ p 0 /2͒͑2Ϫ p 0 /2͒. ͑10͒
Solving these two equations simultaneously from the measured values of I plateau and I th we determine A and p 0 . From the data shown in Fig. 6 , Aϭ81.4 pA and p 0 ϭ 0.35. Thus once again the only free parameter in the fitting equation ͓Eq. ͑8͔͒ is ␣ which is accurately determined to be 0.50. An extrapolation of these fits to bias voltages VуV th , however, now accurately determines the current plateau value as shown in Fig. 6 , where as previously the fit of the Fermi function alone predicted a higher plateau current value. It is also possible to determine the occupancy for the localized states in reverse bias. For the same device in reverse bias we obtain p 0 ϭ0.57 and ␣ϭ0.42. This difference in forward and reverse bias is attributed to a slight asymmetry in the growth of the device and will be discussed more later.
The importance of this corrected fit becomes even more apparent while investigating the thermal broadening of current steps on which the fine structure is not very prominent. In such cases the fit can be carried out over the entire range of the data unlike the earlier case where it was restricted to VрV th . This is shown in Fig. 7 for the 65-Å barrier thickness device in forward bias. From the fit we obtain p 0 ϭ0.57, Aϭ0.56 nA, and ␣ϭ0.42 for this particular step. Note that only using a Fermi fit ͓Eq. ͑7͔͒ to the data of Fig.  7 would be very inaccurate. The ratio of the current at the threshold V th , the common intersection point of all the curves, and the current on the plateau is I th /I plateau ϭ0.275 nA/0.458 nAϭ0.6. This is much larger than 0.5 that is expected in case of a perfect Fermi function dependence.
Electron tunneling rates
From the experimental values of A and p 0 one can determine the electron tunneling rates T em and T cl . p 0 ϭT em /(T em ϩT cl ) and AϭeT cl . Thus for the first current step in forward bias of the 85-Å barrier thickness device ͑Fig. 6͒, T cl ϭ510 MHz and T em ϭ270 MHz. Similarly for the first current step in forward bias of the 65-Å barrier device ͑Fig. 7͒, T cl ϭ3.6 GHz and T em ϭ4.7 GHz. It is not possible to theoretically estimate T em and T cl accurately and separately because the exact nature of the impurity and its location is not known. However, their order of magnitude can be estimated. The tunnel rates for the 65-Å barrier device are observed to be an order of magnitude higher than those for the 85-Å barrier device. This is consistent with the order of magnitude higher current step magnitude. It is also consistent with a numerical evaluation of the quantum-well FIG. 6 . I(V) characteristics of the first current step edge in forward bias of the 85-Å barrier device at different temperatures and the corrected fits ͓Eq. ͑8͔͒ to these I(V) traces. The fits are done for biases less than the threshold (VрV th ) and then extrapolated to voltages greater than the threshold.
FIG. 7. I(V)
characteristics of the first current step edge in forward bias of the 65-Å barrier thickness device at different temperatures and the corrected fits ͓Eq. ͑8͔͒ to these I(V) traces. The fits are done over the entire bias range spanning the step. The sharpest step is at 0.7 K and the successively broader steps are at 1.2, 1.5, 2, and 3 K. eigenstate lifetime which predicts the correct order of magnitude for the current step magnitudes for devices with different barrier thicknesses. 23 This estimation was done using the simulation program, BANDPROF, developed by Frensley. 22 Significant insight into the tunneling process and the device details can be obtained by analyzing the relative values of T em , T cl , and p for forward-and reverse-bias orientations. For the 85-Å barrier device we have pϭ0.35 for forward bias and pϭ0.57 for reverse bias. A less than 0.5 value for p, as in forward bias, indicates that the collector ͑down-stream͒ barrier tunnel rate (T cl ) is higher than the emitter ͑upstream͒ barrier tunnel rate (T em ) causing a depletion from the well. A high p value ͑greater than 0.5͒, as in reverse bias, indicates that the electron tunneling rate through the collector ͑downstream͒ barrier (T cl ) is lower than that through the emitter ͑upstream͒ barrier (T em ) causing an accumulation in the well. A higher p value for reverse bias ͑as compared to forward bias͒ suggests an asymmetry in the heterostructure growth with one barrier being slightly thicker than other barrier. The biasing of the device is such that in forward bias the top barrier is the emitter barrier while in reverse bias the top barrier is the collector barrier. This implies that the top barrier is slightly thicker than the bottom barrier. This is consistent with the difference in the measured ␣ values (␣ in forward bias is higher than ␣ in reverse bias͒, observed asymmetry in the I(V) characteristics for this sample ͑the main resonance peak voltage and peak current values are higher for reverse bias as compared to forward bias ͑Fig. 4͒ and is in agreement with previous characterization. 22 Similar measurements of the tunneling rates can also be obtained from the magnetic-field studies as discussed in the next section. However, those measurements require low temperature ͑less than 300 mK͒ and high magnetic fields. The method described here requires only relatively moderate ͑greater than 1 K͒ variable temperature measurements.
C. Low-temperature magnetotunneling measurements
Now we will investigate the effects of the spin degeneracy of the localized states on the I(V) characteristics in a magnetic field. In this section we will confine the discussion to magnetic fields oriented parallel to the current flow ͑per-pendicular to the quantum well͒. Figure 8 shows an expanded view of the current step in both forward-and reversebias orientation, with and without a magnetic field, when the sample is in a dilution fridge with the base temperature of the fridge (T mix ) at 35 mK. For zero field, the ground state of the impurity is spin degenerate leading to a single current step. Upon lifting of the degeneracy at finite fields, a splitting of the current step is observed. Figure 8 shows that the two fragments of the spin-split step at 11 T do not have the same current magnitudes ͓(I 2 ϪI 1 ) I 1 ͔, where I 1 and I 2 mark the current values as shown. I 1 gives the current of the first fragment while I 2 is the net current of both fragments of the split step edge. This difference is more prominent in reverse bias.
We understand this peculiarity in terms of the finite occupancy of the impurity state and the Coulomb charging energy according to the model discussed in Sec. II. We refer once again to Eqs. ͑5͒ and ͑6͒ that model the current magnitude through the spin-split current step. In the extreme limits these equations indicate that for T cl ӷT em , pϷ0 and I 2 Ϸ2I 1 while for T cl ӶT em , pϷ1, and I 2 ϷI 1 . This qualitatively explains the behavior observed in Fig. 8 . To get a quantitative understanding, we solve Eqs. ͑5͒ and ͑6͒, using the experimentally measured I 1 and I 2 , to determine p and also the tunneling rates T em and T cl .
From the data shown in Fig. 8 at 11 T ͑the field parallel to the current͒, we get p ϭ 0.3 for forward bias and pϭ0.6 for reverse bias. These agree quite well with the determination of occupancy from the zero-field thermal broadening measurements ͑Sec. IV B͒. From Eqs. ͑5͒ and ͑6͒ we can also obtain the absolute magnitude of the electron tunneling rates through the two potential barriers and investigate their dependence upon the magnetic field. Figure 9 shows the tunneling rates and the probability of occupation p as a function of the magnetic field parallel to the current in forward bias. The oscillations observed in the tunneling rate and in p ͑Fig. 9͒ are due to the fine structure on the current plateaus and its systematic shift in a magnetic field. 5,9,13,14 Nevertheless, it is possible to extrapolate them to zero field and compare to those obtained from variable temperature measurements in Sec. IV B. The two measurements are observed to be in good agreement.
D. Double occupancy of the localized state
So far in this paper we have ignored double occupancy of the impurity localized state by electrons of both the up and the down spin at the same time. In this section we would like to explore the possibility of such an occurrence.
In Sec. II A we mentioned that there are two effects that try to prevent simultaneous occupation of two electrons in the localized state in the well. One is Coulomb energy and the other is electron-electron repulsion energy. Coulomb energy depends upon the resonant tunneling diode barrier thicknesses and the lateral size of the localized state and is estimated to be of the order of 9 meV ͑Sec. II A͒. The electron-electron repulsion energy is more difficult to esti- FIG. 8 . I(V) characteristics at T mix ϭ35 mK of the first current step edge of the 85-Å barrier device in forward bias ͑left͒ and reverse bias ͑right͒ at 0 T ͑dotted line͒ and 11 T ͑solid line͒. The magnetic field is oriented parallel to the current direction. I 1 and I 2 mark the current values at 11 T as shown. I 1 gives the current of the first fragment while I 2 is the net current of both fragments of the split step edge. The curves have some arbitrary voltage offset for clarity.
mate as it requires knowledge of the exact nature of the localized impurity and its charge state. The simplest case is if the impurity is hydrogenic in nature. In that case it has a single positive charge when unoccupied by electrons (H ϩ ), it is neutral when it is occupied by one electron (H), and it is like a negative hydrogenic ion (H Ϫ ) when doubly occupied. The binding energies of hydrogenic atoms ͑H͒ in a GaAs quantum well are about 10 to 15 meV. 25 Hence we estimate the electron-electron repulsion energy for two electrons simultaneously occupying the localized impurity state to be of the order of a few meV too. Thus the total-energy barrier for double occupancy (⌬U double occupancy ) is on the order of 20 meV.
This barrier for double occupancy can be overcome by applying higher bias. An additional bias (⌬V double occupancy ) of the order of 20 meV/␣eϳ40 mV is required beyond the bias corresponding to the first occurrence of the step in the I(V) characteristics. At such a bias, an additional channel for the electrons to tunnel opens up as simultaneous occupation of the impurity becomes possible. We expect this to exhibit itself as an additional step in the current-voltage characteristics. At higher biases one also has other independent impurity states available for tunneling. Due to the inherent nature of this experimental system, being that of a multi-impurity system, it is difficult to identify the steps in the I(V) characteristics. However, we expect the steps due to double occupancy to have some special properties, which would distinguish them from other regular steps.
From the theory Sec. II A, we know that the tunneling current through a two-state degenerate system allowing tunneling through either of the two states but not both simultaneously is given by ͓Eq. ͑4͔͒
where (2pϪp 2 ) is the occupancy when either one of the two states but not both can be occupied. If the barrier for double occupancy is overcome then we expect to see a step in the I(V) characteristics of magnitude,
where (p 2 ) is the contribution that was not allowed at the lower bias.
The tunneling rates (T em and T cl ) in Eq. ͑12͒ are different from those in the previous equation ͑11͒ because tunnel rates depend upon bias, as the bias modulates the tunneling barriers. Hence direct comparison of the current step magnitudes to identify steps related to double occupancy is not possible. However, Eq. ͑12͒ predicts that the current step due to double occupancy would be proportional to the square of the Fermi distribution function and hence would have different thermal broadening than regular current steps. One also expects that this step would not split in a magnetic field like other steps because it is attributed to that fraction of the current through the two-spin state system where both the spins are simultaneously occupied.
Observations of such current steps in the I(V) characteristics are presented in Figs. 10. The magnetic field in this figure is oriented perpendicular to the current flow direction unlike the case for the data presented in Sec. IV C. In forward bias ͑Fig. 10͒ steps 3 and 7 are seen to not split in the magnetic field.
Step 3 may be too close in bias to step 4 for an unambiguous interpretation; however, step 7 is clearly separate from step 8. Similarly we observe step 4 in reverse bias ͑figure not shown͒ to not split while all other steps split in the magnetic field.
We attribute steps 3 and 7 in forward bias to be the double-occupancy-related steps associated with the same impurities that cause steps 1 and 2, respectively, in forward bias ͑Fig. 4͒. All other steps are observed to split, and are attributed to different independent impurities. We get the bias differences (V step3 ϪV step1 )ϭ(137Ϫ96)ϭ41 mV; (V step7 ϪV step2 )ϭ(145Ϫ109)ϭ36 mV. These differences compare quite well with the order of magnitude estimation of the double-occupancy energy (⌬V double occupancy ϳ40 mV͒ thus giving credibility to our assignment.
Another important and interesting observation is that the current magnitudes of all the steps attributed to double occupancy are substantially more suppressed in the magnetic field than the regular steps. Note that the magnetic field in this case is oriented perpendicular to the current flow direction. In this orientation the current through the localized state gets suppressed as the electron tunneling rate decreases in the magnetic field due to reduced overlap of the wave functions. 12, 24 In a magnetic field the probability of occupation ͑p͒ decreases. For regular steps the current is proportional to (2pϪp 2 ) and is linear in p for small p. For the double-occupancy steps the current is proportional to p 2 ͑quadratic in p). Hence the current suppression is expected to be much more for the double-occupancy steps. This observation corroborates our theory and the attribution of the specified steps to double occupancy.
Another way in which a current step attributable to double occupancy can be distinguished is by investigating its thermal broadening at zero magnetic field. Figure 11 shows the thermal broadening of step 4 in reverse bias at different temperatures from 0.15 to 1.0 K. A fit of the square of the Fermi function to that data is also shown. Equation ͑12͒ predicts that current steps attributed to double occupancy would be proportional to p 2 and hence to "f (E)… 2 . The fit shown in Fig. 11 is in excellent agreement with the theory. Note that the threshold current ͑current at the common intersection point of the data at different temperatures͒ in Fig. 11 is less than half the total step current. This clearly indicates that a simple Fermi function ͓Eq. ͑3͔͒ or the corrected function used in Sec. IV B to understand the regular current steps ͓Eq. ͑4͔͒ are not suitable for this step and they would not be able to describe the data for any choice of the fitting parameters.
This fit thus confirms the theory that the current step is due to double occupancy of electrons in the localized state.
V. CONCLUSIONS
We have investigated the effects of spin degeneracy on electronic transport through single, zero-dimensional, localized impurity states. In Sec. IV B we reported non-Fermi thermal broadening of the current steps in the I(V) characteristics. This effect is modeled by introducing a new phenomenological parameter p, the occupancy of the localized, impurity state. The corrected equation fits the I͑V͒ characteristics quite accurately and p is determined from the fits.
In Sec. IV C the finite occupancy of the impurity state p is invoked to understand the peculiarities of the tunneling I(V) characteristics through the impurity in a magnetic field. From these measurements the occupancy p is determined as a function of the magnetic field and then extrapolated to zero field. For the first current step in forward bias of the 85-Å barrier device we determine the occupancy pϭ0.3 from magneticfield measurements. This is in good agreement with the measured value of pϭ0.35 from the variable temperature investigation. In reverse bias for the same device we determine pϭ0.6 and pϭ0.57, respectively, from the two measurements.
A single parameter p, the occupancy of the impurity state, explains the non-Fermi thermal broadening and also the peculiar splitting in a magnetic field of the current step in the I(V) characteristics. These two independent and consistent measurements support the correctness of our model. From the measured occupancy and the plateau current magnitudes we determine the electron tunneling rates through the emitter and the collector barriers independently. The determination of the tunneling rates from the variable temperature investigation alone is significant since it does not require high magnetic fields or very low temperatures as are required for the magnetotunneling measurements. Finally in Sec. IV D we discussed the possibilities of two electrons occupying a localized state at the same time. This becomes possible at high bias when the charging and the electron-electron repulsion energies are overcome. We identified steps in the I(V) characteristics at higher bias that show substantially different magnetic field and thermal properties compared to the regular current steps. We attribute these current steps to double occupancy of the localized state. The phenomenological theory developed in this paper describes these observations satisfactorily.
The peculiarities in the I(V) characteristics, as reported in this paper, arise due to the fundamental properties of spin degeneracy of localized states and electron-electron repulsion. We expect to see similar effects in other related experimental systems such as quantum dots and molecular electronic systems.
